In this study we explore the possible role of phenotypic plasticity in the process of adaptation and evolutionary change in the African cichlid Pseudocrenilabrus multicolor victoriae. Parental fish were collected from a hypoxic swamp, a lake ecotone, and a river in Uganda. Broods (F1) were split and grown under hypoxia or normoxia. We measured morphological parameters of the gill apparatus, structural elements surrounding the gills, brain mass, and body shape. Most traits showed substantial plasticity in response to the rearing environment. Population effects were evident for the gill apparatus, surrounding elements, body shape, and brain size; however, brain size was the only trait to exhibit variation in plasticity among populations; fish of swamp origin showed no plasticity and fish of river and lake origin exhibited smaller brain size under hypoxia. We interpret these patterns as consistent with genetic assimilation via canalization (brain) or via a shift in the norm of reaction (other traits).
INTRODUCTION
For more than a century there has been considerable enthusiasm among evolutionary biologists for the hypothesis that phenotypic plasticity facilitates evolutionary change by allowing the survival of populations in a different environment, followed by a slower evolutionary response as a result of selection for a better adaptedness to the changed environment [e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Hence, phenotypic plasticity is hypothesized to smooth the fitness landscape facilitating evolutionary transitions among alternative phenotypes [17, 18] .
The process by which an environmentally induced phenotypic response comes under genotypic control is often called genetic assimilation [6] , but has also been called organic selection [1] [2] [3] [4] , autonomization [5] , the Baldwin effect [19] , or genetic accommodation [13] . These concepts are very similar (see e.g., [7, 8, 20, 21] for discussions). The term genetic assimilation was meant to be interpreted in the broadest sense by Waddington [7] , encompassing the organic selection of Baldwin, Morgan, and Osborn (i.e. the Baldwin effect, which supposes that the genetic changes occur by chance mutations, rather than by selection for already existing genetic variation) and, not being limited to canalization, as in his own experiments. Genetic assimilation can thus consist of canalization if the variation of characters becomes reduced, or a shift in the norm of reaction, as occurs when the mean trait values change without a change in the level of plasticity [12, 16, 22] .
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Role of Genetic Assimilation in Evolutionary Processes Contested
A number of studies have provided empirical support for the process of genetic assimilation (see review in [23] ); however direct evidence is relatively scarce. As Matsuda [8] and Hall [10] point out, it is very difficult to prove in nature that genetic changes that have taken place were preceded by similar plastic changes. In fact, this scarcity of evidence has led several evolutionary biologists to propose that genetic assimilation is not an important process in evolution [19, [24] [25] [26] . Thus, the role of phenotypic plasticity in evolution is controversial, even though models have shown rather convincingly that plasticity will sometimes constrain and sometimes facilitate evolutionary changes, depending on the shape of the fitness landscape (e.g., [16, 17, 27, 28] , see also [29] ). The shape of the fitness landscape depends on a complex interplay of factors. Highly important factors are the quality and costs of the plastic and evolutionary responses and the stability of the environment. For instance, if the plastic response is small, or non-adaptive, and there is a large amount of heritable phenotypic variation present for relevant parameters, a quick evolutionary response is expected with a small and perhaps negligible role for plasticity. On the other hand, if there is a highly adaptive plastic response, plasticity may provide the phenotypic variation that would otherwise be provided by genetic changes (at a slower rate) and, hence evolutionary changes are not expected [27, 28 ,30] . The plastic response will mask genetic variation in relevant parameters. However, if the plastic response does not mask all the differences in fitness between individuals, an evolutionary response is expected. Interestingly, plasticity is in particular predicted to facilitate evolutionary changes if there is strong directional selection (accelerating curves in the fitness landscape, [16, 28] ) or if there are multiple local optima in the fitness landscape, which is for instance expected when the evolutionary process is optimizing multiple objectives with a certain trade-off function (e.g. optimizing feeding and oxygen uptake, [18] ).
Hypoxia-Induced Trade-Offs
For fishes, the role of trade-offs in generating or maintaining variation has been explored for only a few species and has focused primarily on trade-offs associated with trophic specialization and predation. However, alternative aquatic oxygen environments provide another source of divergent phenotypes in fishes, particularly in morphophysiological traits related to oxygen uptake and utilization [22, [31] [32] [33] [34] [35] [36] . In the case of an oxygen poor environment, there may be costs associated with gill proliferation that negatively affect performance in oxygen rich environments [22] . Because of the compact head organization that characterizes teleosts, the production of large gills may affect other surrounding morphological structures that are involved in feeding or swimming (i.e., being streamlined). The consequences of functional morphological tradeoffs may limit feeding performance, swimming efficiency, or other fitnessrelated traits, and therefore contribute to the maintenance of specialized local phenotypes in the field (multiple local optima in the fitness landscape).
Comparison of Populations of Pseudocrenilabrus multicolor
Hall [10] has suggested that a test for genetic assimilation in the field could be to look for two local populations of the same species, one of which has the ancestral character state and another a derived, putative genetically assimilated character state, and then determine whether the reaction norm of the derived character lies within the reaction norm of the original character. Local populations of the African cichlid Pseudocrenilabrus multicolor victoriae (Teleostei: Cichlidae) provide a very suitable system to carry out such a test. Pseudocrenilabrus multicolor, placed phylogenetically within the riverine Haplochromini [37] has local populations in aquatic habitats with drastically different oxygen regimes including river, lake, and swamp habitats. Given the putative riverine origin of the genus, the capacity to inhabit hypoxic swamps is presumably the more derived character state regarding capacity for oxygen uptake; whereas tolerance for normoxia in river and lake habitats is presumably the putative ancestral character state. In earlier studies on the developmental response to hypoxia of the cichlid P. multicolor victoriae [22] , we compared F1s raised under hypoxic or well-oxygenated circumstances (one family, simple splitbrood experiment). The response to hypoxia was an 18% increase in gill area and 15% increase in total gill filament length. These results were found for fishes from a population that lives in an environment where oxygen conditions fluctuate seasonally and supra-annually. The capacity for plastic changes is purported to provide an adaptive response to fluctuations in environmental conditions [38, 39] . Indeed, the observed increase in the surface area for gaseous exchange in response to rearing under hypoxic conditions is expected to improve the oxygen uptake efficiency. Thus, we have evidence for a highly adaptive plastic response that may provide the phenotypic variation that would otherwise be provided by genetic changes. Changes in the structures surrounding the gills and in external body shape were also observed in response to growth under hypoxia, presumably the result of the increased space taken up by the gills and suggesting a potential cost to gill proliferation.
The identification of a system with high levels of phenotypic plasticity in several morpho-physiological traits [22] provides a valuable tool for exploring the potentially diverse roles of plasticity in the process of adaptation and evolutionary change. In this paper, we describe the results of a laboratory-rearing study to investigate the possible evolutionary role of phenotypic plasticity and functional-morphological tradeoffs in contributing to patterns of morphological diversification in the African cichlid P. multicolor victoriae. We ask the following three questions (a) do levels of plasticity differ among populations from divergent oxygen environments, (b) is there evidence for functional-morphological tradeoffs that may contribute to the maintenance of divergent phenotypes in the field and (c) is there evidence for directional selection on phenotypically plastic traits and support for genetic assimilation?
MATERIALS AND METHODS

Study Site and Species
Pseudocrenilabrus multicolor victoriae Schoeller 1903 (Seegers [40] ) is a small (maximum total length 8 cm) cichlid fish found in the Nile river system and the Lake Victoria basin [41, 42] . This species occupies a wide range of habitats including fast-flowing rivers, intermittent streams, wetland ecotonal regions at lake margins, and dense wetlands [43] [44] [45] . Where it occurs in dense Miscanthidium and papyrus swamps, it is often the dominant fish species with respect to numbers of individuals and biomass [32, 46] . Like all haplochromine cichlids, P. multicolor is a mouth brooder; the eggs and developing larvae are protected in the mouth of the female. Pseudocrenilabrus multicolor feeds on a large variety of plants and animals including algae, insects, and other fishes [41, 47] .
We used a lab-rearing study to detect morphological plasticity in response to alternative oxygen environments, and to ask whether plasticity varies among populations. We reared fish from multiple families of three populations under hypoxia and normoxia. The first population was collected from a dense hypoxic wetland, the Lwamunda Swamp that surrounds Lake Nabugabo, Uganda ( [33] ), but fluctuates both seasonally due to seasonal rains and flushing of a large upstream wetlands (monthly range = 2.2 to 5.7 mg l -1 ), and on a supra-annual basis due to flooding of adjacent woodland. The Mpanga River site is located >150 km west of the Nabugabo system and joins the westward flowing section of the Katonga River feeding into Lake George. The entire Ka-tonga River at one time flowed to the west, but it direction has been reversed by uplifting; and now it drains primarily to the east into Lake Victoria. In the Katonga River valley water flows in both directions from a swampy watershed, and may maintain a contemporary link between the Victoria and the Edward/George systems.
Recently, the population structure of P. multicolor was examined from 10 sites in 4 regions of Uganda (including the Mpanga River and the Lake Nabugabo region) using mitochondrial DNA and microsatellites [48] . Results based on analyses of neutral markers indicated that geographical separation influences population structure. However, the most common haplotype (Type A) was found in fish from both the Mpanga River and Nabugabo regions. This suggests that the fish from the three populations sampled in our study may have originated from one source population, in which this haplotype was common, although genotypes within the Mpanga region tended to form one genetic cluster and genotypes within the Nabugabo region tended to form one genetic cluster [48] .
Adult fish were live captured using metal minnow traps and live-transferred to the Department of Zoology at the University of Florida for the rearing experiment. Stock were held under normoxic conditions under a 12:12 photoperiod, and maintained on flake food.
Lab-Rearing Experiment
We carried out a lab-rearing study to test for morphological plasticity in response to alternative oxygen environments, and to ask whether plasticity varies among populations. F1 generation fish from the three populations of P. multicolor [Lwamunda Swamp (low oxygen), Lake Kayanja (high oxygen), Mpanga River (fluctuating oxygen)] were grown under extreme hypoxia (~1.3 mg l -1 ) and normoxia (~7.6 mg l -1 ). Broods from six families per population were reared in the experiment to provide family level replication; the number of families was limited due to the complexity of measuring key target traits (gill metrics, trophic musculature) required to examine potential tradeoffs. Adult brooding pairs were held in separate, normoxic aquaria until the young were completely released from the female's mouth. When a brood was released from a female, each brood was divided into two groups and randomly allocated to one of thirty-six 76-L aquaria (half maintained at normoxia and half under hypoxic conditions). Fish were introduced into the experiment over a 7-week period due to variation in spawning events. A small algae-eating Hypostomus plecostomus catfish was introduced into each tank to control algal growth. Broods were cropped randomly to an average of 8 young per aquaria after 3 months (from the time of entry into the experiment). Based on earlier studies in our lab, this density allows fish to grow to a size reflective of some field populations. Fish were harvested after a minimum of 1 year; generally normoxia-reared fish were harvested first, to facilitate overlap in body size between treatments for analyses of allometric traits. Before fish were harvested, the resting routine metabolic rate and critical oxygen tension of each fish was measured (not reported here), a process requiring approximately 6 months. Fish were returned to their rearing environment for at least 1 week before being euthanized with MS222 (1 g per litre buffered with 4 g of sodium bicarbonate).
The dissolved oxygen, DO, of the experimental tanks was controlled by pulsing nitrogen through a diffuser in each aquarium to reduce DO levels. DO measurements were collected daily to monitor and regulate DO levels. DO was averaged for each tank to produce a mean and inter-tank error estimate (n=11,824 measures); DO averaged 7.6+0.023 mg l -1 in the normoxic tanks and 1.3+0.025 mg l -1 ) in the hypoxic aquaria. Underwater filtration was achieved by a Mag drive pump (with sponge biofiltration) modified by -inch tubing to ensure adequate circulation. Aquaria were held at 25 C (average for normoxia = 24.9+0.029 o C; average for hypoxia = 25.1+0.05 o C) and exposed to a 12/12 photoperiod. Fish were fed once per day on fry bites (until 3 months old) and then on Tetramin food flakes.
We measured morphological characters of four different categories: the gill apparatus, structural elements surrounding the gills, brain mass, and outer shape characters. For characters requiring careful dissection (gills, surrounding elements, brain mass) we targeted one male from each family per population and treatment. This minimized variation induced by brooding in females and produced an average sample size of 6 fish per population per treatment. One tank was removed due to disease and one tank had no males. For gill metrics, we analyzed only males greater than 2.2 g in mass. To increase our sample to an average of 6 for some traits and to increase overlap in size ranges, we sampled additional males (gills) and some small non-brooding females or males (brains), but no more than two fish were used from any one tank. For external body shape traits, we measured multiple fish per family within each population and treatment, permitting us to test for family level variation and a family x treatment interaction, and to explore gender effects, with an average sample size of 35 fish per population per treatment. We measured females before or between brooding cycles, not during the brooding period.
Gill Parameters
We measured a series of gill parameters on the right side of the branchial basket. We focused on five gill measurements that represent the size and shape of the filamentous part of gills, because we were interested in the way in which proliferation of the gills may affect nearby structures. Characters measured included: total gill filament length (TGFL), average filament length (AFL), total gill filament number (TFN), total area of the hemibranchs (THA), and total perimeter of the hemibranchs (THP, Fig. ( 2) in Langerhans et al. [36] ). We selected TGFL rather than another commonly measured parameter, gill surface area, because it is more likely to reflect spatial constraints of large gills, and because it has been well-documented that P. multicolor from hypoxic waters has a larger TGFL than fish from well-oxygenated sites [22, 33] . Further, previous studies have found that for P. multicolor and two other fish species, populations with larger TGFL are characterized by a larger gill surface area (P. multicolor [22] , Poecilia latipinna, Timmerman and Chapman [49] , Astatoreochromis alluaudi [34] ). For this study, we corroborated this pattern by measuring total gill surface area (TGSA) for two fish per population per treatment. Sample size for gill surface area was limited by the complexity of measures involved in accurate estimate of TGSA.
To quantify TGFL, each of the four gill arches from the left side of the branchial basket was separated and laid flat on a microscope slide. For each hemibranch, the length of every 5 th gill filament was measured. Two successive measurements were averaged to estimate length of intermediate filaments. Filament lengths were summed for the eight hemibranchs and, assuming bilateral symmetry, were multiplied by 2 to yield an estimate of TGFL. Average filament length (AFL) was calculated as the mean of the length of all measured filaments. The total number of filaments was counted for each hemibranch on one side of the fish and multiplied by 2 to produce an estimate of the total number of filaments on the branchial basket (TFN). To estimate hemibranch area, we digitized the area of the gill filaments on the 8 hemibranchs on 1 side of the fish. This area was multiplied by 2 to produce an estimate of the total hemibranch area (THA, not including the bony arches). Total hemibranch perimeter (THP) was estimated as the sum of the perimeters of the 8 hemibranchs on 1 side of the fish (not including the bony arches) multiplied by 2. Total gill surface area was measured using standard methods modified after Muir and Hughes [50] and Hughes [51] and described in Timmerman and Chapman [49] and Chapman et al. [34] .
Structural Elements Surrounding the Gills
We selected a series of characters that we predicted most likely to be affected by change in gill size based on earlier studies [22] . Measurements were made of the length, height, and depth of the m. sternohyoideus and m. geniohyoideus. Length was measured from origin to insertion; height and depth were measured in the middle of the muscle. The formula for an ellipse (0.5 width x 0.5 width x ) was employed to estimate the cross-sectional areas of the sternohyoideus and geniohyoideus. In addition, we quantified the depth of the upper pharyngeal jaw, and the depth of the keel of the lower pharyngeal jaw as an estimate of the thickness of the pharyngeal jaws.
Brain Mass
Methods for assessing relative brain weight follow Albert et al. [52] . Briefly, whole brains (excluding adenohypophesis) were removed from formalin fixed specimens using microdissection tools under an Olympus SZX 12 dissection microscope and stripped of blood vessels and meningeal membranes. Each brain was severed from the spinal cord 1 mm posterior to the first spinal nerve, and all cranial nerves (including optic tract) were severed about 0.2 mm from the brain surface. Brains were blotted and weighed (wet mass) to 0.01 g on an analytical balance. The accuracy of a brain weighing 1.0 g from 10 repeated measurements was ± 0.015 g.
External Body Shape Traits
For external body shape, we measured a series of linear distances between landmark points that may reflect gill proliferation under hypoxic conditions and shape tradeoffs between low-and high-oxygen habitats. Preserved specimens were placed on a laminated grid mounted on a level platform. We captured a lateral image of the right side of each fish (resolution of 0.05 mm/pixel) using a digital camera (Nikon Coolpix 4500) mounted on a tripod, and linear measures were derived from the photos using Motic© 2000. Following Barel et al. [53] , we quantified standard length, head length, eye depth, and body depth. The depth of the epaxial muscle was estimated as the linear measure from the anterior origin of the dorsal fin to the point of maximum curvature on the edge of the operculum. Head width was quantified from a dorsal view image, across the operculum at the maximum outcropping of the gills. All measures were done using MOTIC software (Motic Images 2000).
Statistical Analyses
For the gill metrics and surrounding structural elements, multivariate analysis of covariance was used to look at the effects of population, treatment (high and low oxygen), and their interaction on suites of traits. The homogeneity of slopes assumption was tested by looking at the interaction between the covariate and the main effects. For brain mass, we used a univariate analysis of covariance to detect effects of population, treatment, and their interaction. For brain mass, the interaction term was significant, so we reran the analysis for each population separately. For external body shape characters for which sample size was much larger, we also used MANCOVA, but included family effects. Family was nested within population, and we tested for the effects of family and the family x treatment interaction. A significant family x treatment interaction indicates that families respond differently to the treatment and thus that plasticity has a genetic component. However, in our design family effects are confounded by tank (microenvironmental) effects, and thus should be treated with caution If the main MANCOVA effects were significant, univariate ANCOVA was used to explore the role of individual traits. It should be noted that the relative magnitude of the P values for each trait are of interest in these analyses, because the multivariate test establishes an a priori significance for the group of traits [54] .
We performed discriminant function analyses (DFA) to classify fish by treatment and population, providing a metric of the magnitude of particular effects. The first DFA evaluated the magnitude of morphological variation induced by treatment effects (plasticity); the second DFA examined the magnitude of population effects independent of plastic variation. We also performed DFA to classify fish by population x treatment combinations (six groups). Prior probabilities for all DFA analyses were computed from group sizes. For the DFA, trait values were size-adjusted using the commonwithin-group slope generated from ANCOVA for each trait, after removal of the non-significant interaction term. Standardized trait values were calculated as T std = T obs (Average S)/S obs ) b , where S is the average size (mass for gill metrics and standard length for surrounding structural elements) of the fish derived from the ANCOVA (antilog value), T is the trait size (not log transformed), S is the body size (not log transformed), b is the common-within-group slope, and the subscripts std and obs refer to standardized and the observed measurements [55, 56] .
RESULTS
Gill Metrics
The results of multivariate analysis of variance on gill metrics using body mass as a covariate indicated a strong effect of treatment (low vs. high oxygen, DO, P<0.001) on gill size, and a population effect (P=0.036), but no interaction between DO and population (P=0.938, Table 1 ). The covariate (body mass) was significant (P<0.0001) indicating multivariate allometry.
Univariate ANOVAs indicated that the gill metrics measured, with the exception of total filament number were highly plastic; percent difference between treatments (where significant differences occurred) ranged from 11% for hemibranch perimeter to 26% for total hemibranch area ( Table 2 , Fig. 1a) . Population effects were weak in univariate comparisons; however, the river population showed a lower number of filaments overall, and there was a tendency towards smaller gill size (hemibranch area, average filament length, Table 2 , Fig. 1a) in the swamp population than in the lake and river. For all univariate comparisons, the covariate was significant (P<0.001), and there were no significant population x treatment interactions (P>0.05).
Discriminant function analyses indicated significant morphological differences between treatments. Based on gill metrics, our first DFA analysis classified 97.3% of the original fish into the correct treatment (low vs. high oxygen) category (Wilks' = 0.197, P<0.001). Thus, all populations differed in gill metrics between treatments in so similar a manner, that most fish could be correctly classified into their hypoxia environment, regardless of population. Our second DFA predicted population of origin for each fish based on gill morphology. This DFA was marginally significant (Wilks' = 0.590, P=0.078), and classified 70.3% of the fishes into the correct population regardless of their rearing environment; suggesting that plastic response to the DO environment has a stronger effect on gill metrics than population of origin. Our third DFA predicted group based on the combination of population and treatment and classified 70.3% of the fish in the correct category; the plot of group spread and centroids shows the stronger separation of the six groups based on treatment than on population (Wilks' = 0.114, P<0.001, Fig. 2a) .
In general, differences in gill metrics induced by plastic response to the rearing environment (expressed as a percent) were greater than differences between field collected specimens of P. multicolor from a high (Lake Kayanja) and low (Lwamunda Swamp) (Fig. 3a) . For example, total gill filament length and total hemibranch area differed by 16% and 26%, respectively, for fish reared under hypoxic and normoxic condition in the lab. In a comparison of these same traits in parental stock collected from Lake Kayanja and the Lwamunda Swamp we have found differences of 12% and 15%, respectively (Chapman, Galis, and Albert, unpubl. data).
Total gill surface area was measured for 2 fish per population per treatment. Although sample size was low for this analysis, due to the complexity of the measures, there was a strong treatment effect (F=27.050, P=0.002, Fig. 4) , but no evidence for a population effect (F=0.806, P=0.490), or an interaction (F=0.952, P=0.437). These data suggest that fish of swamp origin may have smaller spatial requirements for gills (e.g., smaller hemibranch area), but a similar surface area to those of the river and lake F1s; however, sample size argues for a cautious interpretation.
Structural Elements Surrounding the Gills
The results of MANCOVA on structural elements surrounding the gills (muscles, pharyngeal jaws) indicated a strong effect of DO (P<0.001), a population effect (P=0.005), but no interaction between DO and population (P=0.281, Table 1 ). The covariate (standard length) was significant (P<0.0001). Univariate ANOVAs on the surrounding structural metrics indicated significant developmental plasticity in the both the geniohyoideus and sternohyoideus muscles. The length of the geniohyoideus muscle was 6% longer in the hypoxic treatment across populations ( Table 3 ,  Fig. 1b) ; while both the length and cross sectional area of the sternohyoideus muscle were smaller in fish raised under hypoxia (5% and 13%, respectively). In univariate analysis, population effects were only evident in the depth of the upper pharyngeal jaw, which was smaller in the fish of swamp origin (Table 3, Fig. 1b) . For all univariate comparisons, the covariate was significant (P<0.001), and there was no significant population x treatment interaction. Discriminant function analyses indicated significant musculoskeletal differences between treatments and among populations. Our first DFA analysis classified fish by treatment. The DFA classified 100 % of the original 35 fish into the correct treatment (low vs. high oxygen) category (Wilks' = 0.272, P<0.001). Thus, all populations differed in the surrounding musculoskeletal elements between treatments in so similar a manner, that most fish could be correctly classified into their rearing environment, regardless of population. Our second DFA predicted population of origin for each fish based on musculoskeletal features. This DFA classified 76.5% of the fish into the correct population regardless of their rearing environment (Wilks' = 0.372, P=0.005), suggesting that plastic response to the DO environment has a stronger effect on the structures surrounding the gills than population of origin. Our third DFA predicted group based on the combination of population and treatment and classified 85.3% of the fish in the correct category; the plot of group spread and centroids shows nice separation between high-and low-oxygen groups, but also indicates some separation among the three populations (Wilks' = 0.051, P<0.001, Fig. 2b ).
Differences (expressed as a percent) in surrounding structural elements induced by plastic response to the rearing environment were generally similar to the differences between field collected fish from Lake Kayanja (high DO) and the Lwamunda Swamp (low DO) with the exception of the depth of the lower pharyngeal jaw (Fig. 3b) .
Brain Mass
ANCOVA indicated heterogeneity in the slopes of the bilogarithmic relationship between brain and body mass among populations. We therefore conducted the analysis with and without the interaction term of body mass and population and examined significance of the effects. Results were highly similar. Effects of population, treatment, and their interaction were all significant ( Table 1) . Results were also similar when only fish greater than 2 g were analyzed. ANCOVAs conducted on each population separately indicated homogeneous slopes between treatments within each population. Relative brain size was smaller in fish raised under hypoxia in both the river and lake populations (Lake: F=16.92, P=0.002; River: F=44.01, P<0.001, Fig. 5) . However, for fish of swamp origin, there was no effect of treatment (F=0.086, P=0.776).
Differences in relative brain mass induced by the rearing environment averaged 17% for the two populations that exhibited a significant treatment response. This is a slightly smaller difference than P. multicolor collected from field high-and low-DO field populations (21%, Chapman, Galis, and Albert, unpubl. data). Fig. (4) . Bilogarithmic relationships between total gill surface area and body mass for F1 Pseudcrenilabrus multicolor reared under high and low DO conditions. S = swamp; L = lake; R = river.
External Body Shape
The results of MANCOVA on five external body shape traits showed a strong treatment effect of DO (P<0.001), a population effect (P=0.005), but no interaction between DO and population (P=0.584, Table 4 ). The covariate (standard length) was significant (P<0.001). Because we had replication within families for these characters, we also tested for a treatment by family interaction. Both family and the family (popn) x treatment interaction were significant ( Table 1) . A significant family (popn) x treatment interaction indicates that families respond differently to the treatment, and thus that plasticity has a genetic component. However, in our design family effects are confounded by tank (microenvironmental) effects and thus may reflect either or both.
In our analyses of external body shape traits, we also tested for gender effects because we measured multiple fish per family. The sex ratio was skewed in the hypoxia treatment (hypoxia: 71% females; normoxia: 54% females). Because of the large of number factors (treatment, population, family, and gender), we did not include all factors in one model. Rather, we reran the MANCOVA analysis for females only (the larger sample size) for families with greater than six fish. Results were similar as for males and females combined, with a strong effect of treatment (F=24.492, P<0.001), and effect of population (F=3.773, P<0.001), and no treatment x population interaction (F=1.362, P=0.204). The family(popn) x treatment interaction was also significant (F=1.959, P=0.002).
Univariate ANOVAs indicated that the five external body shape traits measured were highly plastic. Head length, body depth, head width, and eye depth were all significantly larger in fish reared under hypoxia than in fish reared under normoxia ( Table 5 , Fig. 1c) . Percent difference between treatments ranged from 3% for average head length to 10% for head width ( Table 5 ). The mean depth of the epaxial muscle was 4% smaller in fish raised under hypoxic conditions 
Fig. (5).
Bilogarithmic relationships between brain mass and body mass for F1 Pseudcrenilabrus multicolor reared under high and low DO conditions. Slopes differed among populations, so each population is presented separately. (Table 5) . Among populations, both body depth and expaxial muscle depth were smaller in the F1s of lake origin ( Table 5 , Fig. 1c) . For all univariate comparisons, the covariate (standard length) was significant (P<0.001), and there was no significant interaction between treatment and population (P>0.05).
Discriminant function analyses indicated significant differences in external body shape between treatments and populations. Our first DFA analysis classified fish by treatment; 85.3% of the original 211 fish were classified into the correct treatment (low vs. high oxygen) category (Wilks' = 0.539, P<0.001). Thus, all populations differed in external body shape metrics between treatments in so similar a manner, that most fish could be correctly classified into their rearing environment, regardless of population. Our second DFA predicted population of origin for each fish based on external body shape traits. This DFA was significant, but classified only 52.1% of the fishes into the correct population regardless of their rearing environment (Wilks' = 0.835, P<0.001), suggesting that environmental effects on external body shape are more strongly affected by the rearing environment than population of origin. Our third DFA predicted group based on the combination of population and treatment (null hypothesis of 1/6 th correct) and classified only 44.5% of the fish into the correct category (Wilks' = 0.465, P<0.001).
DISCUSSION
High Levels of Plasticity
Most of the morphological traits we quantified in P. multicolor showed a remarkable amount of plasticity in response to the rearing environment; and for several traits, populations were similarly plastic. We found a phenotypically plastic response for most of the characters of the gills themselves, most of surrounding elements, and also all of the external body shape parameters. Gill size (e.g., total gill filament length, total gill surface area) was larger in fish raised under hypoxia. Evidence suggests that this is adaptive morphological plasticity. The induced morphological responses are of a nature one would predict to increase oxygen uptake capacity. A larger surface area allows for a more efficient oxygen transfer [57] ; and for several species, populations from lowoxygen habitats are characterized by a larger total filament length and total gill surface area than populations from highoxygen sites [22, 34, 49, 58, 59] . One might anticipate a higher level of plasticity in morphological traits that have a limited number of functions such as gills (which serve as a surface for ion exchange and gas exchange); and thus may have fewer functional demands constraining shape changes. Indeed, other studies have demonstrated high levels of plasticity in gill traits in fishes, larval salamanders, and frogs [60] [61] [62] . There are apparently tradeoffs across different environments that favor the evolution and maintenance of plasticity. We found that adaptive change in gill size was accompanied by changes in the shape of the surrounding structural elements that may reduce the relative performance of a large-gilled fish in a welloxygenated environment. The larger hemibranch area implies that the total space taken up by the gills increased in response to development under hypoxia, and thus either the size of the surrounding elements should be smaller in compensation, or the external body shape should be expanded. Both seem to be the case. The reduction in the crosssectional area of the sternohyoideus muscle in fish raised under hypoxia suggests that larger gills are associated with lesser development of the m. sternohyoideus, and thus potentially lower muscle performance. The external body shape of the fish was influenced by development under hypoxia, with potential consequences for the hydrodynamics of locomotory performance. Body depth, head width, and head length were all larger in fish reared under hypoxia, which again may reflect the increased space required for a larger gill apparatus. Interestingly, some of the surrounding structures showed an increase in length or depth, the m. geniohyoideus and the eye, respectively. These increases may be related to the increase in head length and depth that can accompany the increased size of the gills.
Plasticity is not Larger in the Fluctuating Environment
Contrary to our expectation, the plastic response to growth in alternative oxygen environments was, for several traits, as large in the population from the lake as in the populations of the more variable swamp and the highly variable river. There are at least three possible explanations for this. First, individuals that live in the Lake Kayanja ecotone may move during their lifetime to habitats that have less stable or lower oxygen content. In a study of the reproductive biology of fishes in the Kafunta swamp-river system, Welcomme [63] found that the swamp served as an important nursery site for P. multicolor, but fish greater than 2.4 cm SL returned the river for a period of growth and maturation. In Lake Kayanja, it is possible that brooding females enter hypoxic areas of the marginal swamp to avoid predation, which would expose them to hypoxic stress. A second explanation may be that plasticity in these parameters is selectively advantageous in the lake because of fluctuations in other environmental parameters, e.g., food availability or variation in predator density. The gill arches form part of both the feeding and gill apparatus, and many muscles are involved in both food and oxygen uptake [22] . Several structures involved in predator detection also surround the gill apparatus (e.g., lateral line canals) and predator deterrence (e.g., open gape displays, and some muscles are involved in gill ventilation, filter feeding, and pharyngeal mastication). The third possibility is that the costs of plasticity in these traits are low, such that it is selectively advantageous to maintain plasticity for very rare perturbations of oxygen availability. A combination of explanations may be involved.
Genetic Differentiation
We found evidence for strong levels of environmentallyinduced plasticity in gill size, and all three populations showed similar levels of plasticity. In addition, there were differences among populations indicating a shift in the reaction norm in multivariate space. This indicates genetic differentiation in some gill parameters among populations, and probably reflects different selection pressures. Such differences in selection factors are likely to be found in environmental factors such as oxygen content, temperature, pH, water current, turbidity, ionic content of the water, diet, and predator density. For example, overall gill size (as measured by our suite of traits) appeared to be smaller in laboratory raised F1s of swamp origin although the gill surface area was not. Interestingly, this suggests that in the swamp fish the space allocated to the gills is smaller than in the other two populations, while maintaining a similar respiratory surface. The relatively small overall gill size for a given gill respiratory surface probably poses less spatial constraints on surrounding elements. This is presumably an adaptation to the consistently low oxygen levels of the natural habitat, because in the field, the swamp fishes have, as expected, larger gills than those in the river and lake (Chapman and Galis, unpubl. data).
Most of the muscle traits showed no indication of genetic differentiation between populations. It may be important to preserve plasticity in the muscles as a way to respond to alternative oxygen environments. The benefit of thicker muscles when hypoxia is less severe may outweigh the potential cost of phenotypic plasticity. The size of the upper and lower pharyngeal jaws was smaller in fish of swamp origin than in fish of river and lake origin. These traits showed no plasticity in response to the oxygen treatments and the small size of the jaws may compensate for the larger gill size. It is also possible that the genetic differentiation of the pharyngeal jaws is entirely dictated by selection pressures related to food rather than oxygen availability and that pharyngeal jaws would exhibit developmental plasticity in response to different food treatments [64] . Clearly, for most traits, but in particular for the pharyngeal jaws, it is necessary to investigate the trade-off between feeding and oxygen uptake functions.
In a parallel study we are now investigating this trade-off in the widespread cichlid Astatoreochromis alluaudi through a full-factorial rearing experiment where both food and oxygen are varied.
Most of the external body shape differences did not show support for genetic differentiation, except for body depth and epaxial depth. These traits exhibited a shift in the elevation of the reaction norm, but not a change in slope. For body depth, the shift occurred in the same direction as the plastic response, with smaller body depth in fish raised under normoxia and in fish from the high-oxygen lake environment. It is likely that greater body depth and larger head size may be a direct consequence of gill proliferation, though clearly other environmental features such as water flow may tug at these external body shape components as well.
Possible Role of Genetic Assimilation
We found evidence for differences among populations in the gill apparatus, surrounding structural elements, brain mass, and external body shape metrics. Presumably, because the experimental conditions were the same, these differences are genetic. For these traits (with the exception of the brain, for which we also found canalization, see below), we detected a change in mean trait values without a change in the level of plasticity in population, i.e. a shift in the norm of reaction. For example, gill size in field-collected fish was greater in swamp-dwelling P. multicolor than in lakedwelling fish, and a similar pattern was evident when fish were reared under low-or high-oxygen conditions in the lab. However, we also found evidence for population differences in the lab-reared fish. It is probable that genetic assimilation has contributed to mean differences in gill phenotype among populations, because there is an overlap in the norm of reactions for some gill metrics, and the swamp fishes presumably originally come from the river or lake environment. The maintenance of high levels of plasticity in these divergent populations may preserve the possibility for future responses to environmental changes and reflect to some degree the spatial and temporal heterogeneity within these habitats. It has been argued that plasticity may be useful to organisms in temporally and spatially heterogeneous environments [38, 39, 54] or when gene flow is high among populations in divergent environments [48, 65] .
Recently, the population structure of P. multicolor was examined from 10 sites in 4 regions of Uganda (including the three sites used in our rearing experiment) using mitochondrial DNA and microsatellites [48] ; these results indicated high gene flow among populations. This suggests that selection against dispersers and their hybrids may be weak. The rearing experiment on P. multicolor under high-and low-oxygen indicates that genetic components to trait divergence exist among populations, and that this trait divergence seems to be adaptive. Thus, interestingly, in this system evolutionary divergence in ecologically important traits seems to occur in the face of high gene flow, which has also been shown for other studies in natural systems (e.g., [66] [67] [68] [69] ).
Canalization of Brain Size in the Swamp
Plasticity in brain size varied among populations, suggesting genetic variation in plasticity. Although we have not looked at the performance consequences of this brain size variation, there is evidence to suggest that this represents adaptive morphological plasticity. First, the induced morphological responses are in the direction that one would predict to decrease oxygen demand in a hypoxic environment. Second, similar inducible morphological responses were observed across the populations where brain mass showed treatment effects. Third, interdemic variation in brain mass between field populations (Chapman, Galis, Albert, unpubl. data) was in the same direction as that induced in the laboratory with smaller brain size in fish from a swamp-dwelling population than in the fish from the ecotonal waters of Lake Kayanja. The high oxygen use of the brain in teleost fishes [70] may imply selection for a smaller brain size in the swamp. The absence of plasticity in the swamp-dwelling population suggests that canalization and genetic assimilation has taken place. It is possible that the presence of plasticity may provide a too large risk in the swamps, because if the hypoxia would be less severe in the early life of fishes, the larger oxygen demand of a larger brain might lead to a severe hypoxic stress if aquatic oxygen decreases later on. The smaller variation in brain mass in the swamp fish is also in agreement with our hypothesis that the increased size of the gills may be at the expense of space available for the surrounding structures.
The small size of the brain may be less of a problem in the swamp than in the river and lake habitats, because of the absence of large predatory fishes in the swamp and the associated reduction in the need for predator detection and escape behaviour. There are indeed indications of an association between a small brain size and a low predation pressure in fishes [71, 72] , and a growing body of evidence that hypoxic habitats may serve as a refuge for small fishes from large aquatic predators [73] [74] [75] [76] . For example, in the Lake Victoria basin, swamps serve as both structural and low-oxygen refugia for hypoxia-tolerant fishes from the introduced aquatic predator, the Nile perch (Lates niloticus), a species intolerant of hypoxia [32, 43, 44, 76, 77] .
CONCLUSIONS
Virtually all traits considered in our study of P. multicolor showed substantial plasticity in response to different dissolved oxygen levels in the laboratory. We also found evidence for population differences in the gill apparatus, structural elements surrounding the gills, brain mass, and external body shape metrics. For these traits (with the exception of the brain), we detected a change in mean trait values without a change in the level of plasticity in population i.e. a shift in the norm of reaction. Presumably the advantages of plasticity outweigh the costs for these traits. Fishes may well migrate between habitats with different oxygen content, and fluctuations take place not only in oxygen content but also in other relevant environmental parameters. The absence of plasticity in the brain size of F1s of swamp-dwelling origin suggests that genetic assimilation has taken place. It also suggests that there is very strong selection against a large brain size in the swamp, presumably because of its high oxygen demand. The high oxygen demand may both explain the small brain size and the absence of plasticity in the swamp. Even a slightly larger brain size may lead to too high an oxygen demand if oxygen levels reach below average values in the swamp. Recent studies of gene flow among P. multicolor populations [48] suggest that this genetic differ-entiation in ecologically important traits is occurring in the face of high gene flow emphasizing the importance of the selection for genetic differentiation. Plasticity may indeed allow individuals to survive when circumstances change and subsequently allow genetic changes to take place as a result of selection for a better adaptedness to the changed environment.
